Leech neurons in culture have provided novel insights into the steps in the formation of neurite outgrowth patterns, target recognition and synapse formation. Identified adult neurons from the central nervous system of the leech can be removed individually and plated in culture under well-controlled conditions, where they retain their characteristic physiological properties, grow neurites and form specific chemical or electrical synapses. Different identified neurons develop distinctive outgrowth patterns that depend on their identities and on the molecular composition of the substrate. On native substrates, the patterns displayed by these neurons reproduce characteristics from the adult or the developing neurons. In addition, the substrate may induce selective directed growth between pairs of neurons that normally make contact in the ganglion. Upon contact, pairs of cultured leech neurons form chemical or electrical synapses, or both types depending on the neuronal identities. Anterograde and retrograde signals during membrane contact and synapse formation modify the distribution of synaptic terminals, calcium currents, and responses to 5-hydroxytryptamine.
Introduction
During development and regeneration of the nervous system neurons must grow, find their targets and form the correct connections. Cultured neurons from adult invertebrates have been useful to characterize the steps from neurite outgrowth to synapse formation (1) (2) (3) (4) (5) . After isolation, many invertebrate neurons remain differentiated and continue synthesizing the same transmitters, ionic channels and transmitter receptors as they normally do in the animal (4, 5) . Moreover, pairs or triplets of neurons plated together regrow, recognize each other and form specific synapses (4) (5) (6) . This review focuses on studies with cultured leech neurons, in which many of the steps from neurite outgrowth to synapse formation have been elucidated.
Identified neurons from adult leeches can be isolated one by one from the central nervous system (CNS) and kept in culture, where they regenerate neurites and synapses with different targets, allowing the study of these events step by step with single cell resolution (4) (5) (6) (7) (8) . Different neurons can be identified visually in a very reliable way by their characteristic sizes and locations in the ganglion. After opening the ganglion capsule and incubating with proteolytic enzymes, individual neurons can be removed by applying suction through a glass pipette, sterilized and plated in culture (9) . This procedure permits the experimenter to obtain cells with processes F.F. De-Miguel of variable length from which they will regrow and form synaptic connections with other neurons (4, 10) . Early experiments showed that cultured leech neurons survive for weeks, preserving their resting potentials and the distinctive shape and duration of their action potentials (11) . Moreover, cells can regrow neurites displaying characteristic branching patterns that depend on their identities and on the substrate (7, 8) , and, when plated in contact with other cells, they form specific chemical or electrical synapses. Cell-to-cell contact and synapse formation induce changes in the distribution of release sites, ion channels and postsynaptic receptors.
Sprouting and retracting neurites
Neurite outgrowth during development and regeneration of the nervous system is regulated by growth-promoting molecules, soluble factors and cell-cell interactions (12) . The family of extracellular matrix (ECM) proteins provides important sources for neurite growth, retraction and branching of neurites in the CNS as well as in culture (13) . Different ECM proteins such as laminin, tenascin and fibronectin have been identified, isolated and cloned, and some of their functions regulating neurite extension or repulsion are known (12) . Nevertheless, although studies analyzing attachment of neurons to purified molecules have provided extensive information as to some of the effects of these molecules, in the CNS of vertebrates and invertebrates ECM has a broad molecular composition, thus suggesting a complex regulation of neurite outgrowth. On the other hand, cell-cell interactions and soluble factors influence neurite outgrowth in embryos or regenerating nervous systems. How far could native ECM shape a neuronal outgrowth pattern in the absence of soluble factors and cell-cell interactions? The following studies, conducted on two different leech neurons plated on different substrates, have provided interesting insights as to how complex native mixtures of ECM proteins regulate neurite extension and directed growth.
Retzius neurons, which in the animal coordinate swimming, and anterior pagoda (AP) neurons, of unknown function, start growing a few minutes after being plated in culture with characteristic patterns that depend on the substrate and on the neuronal type. For each cell type the outgrowth patterns are consistently very similar, but quite different from patterns of the same cells on different substrates (14) . An interesting example has been provided by AP or Retzius neurons plated on a substrate they normally contact in the animal, i.e., the ganglion capsule, which is enriched in ECM proteins. AP neurons plated on capsules ( Figure 1A ) develop a T-shaped pattern consisting of two main branches in opposite directions that later bifurcate (15, 16) . A completely different pattern is developed by Retzius neurons plated on the same substrate, where they sprout a bundle of long and thick processes emerging from the axonal stump ( Figure  1B) . Plating a particular cell type on different substrates can be used to demonstrate the importance of the composition of the substrate in the outgrowth pattern. As can also be seen in Figure 1 , the pattern of AP neurons on ganglion capsules is quite different from the patterns developed by the same neuronal type on other substrates. For example, AP neurons plated on leech laminin extracts extend long neurites with few branching points ( Figure 1C ). In contrast, on the plant lectin concanavalin A (Con A) (a substrate they never encounter in the animal), AP neurons extend flat and curved processes with multiple branching points ( Figure 1D ; 14, 15) .
In contrast to the pattern of Retzius neurons plated on ganglion capsules, the Tshaped pattern of AP cells is simple, well organized, and interestingly, it is also similar to the outgrowth pattern developed by em-bryonic AP neurons at around day 9 (17) . This similarity between growth of embryonic and adult cultured neurons suggests that an ECM similar to that in the ganglion capsules may provide the initial messages for structuring the outgrowth pattern. This pattern can be quantitatively reproduced if AP neurons are plated on CNS or capsule homogenates as substrates (Figure 2) , thus providing the possibility to analyze the steps of its formation. Time-lapse analysis of AP neurons growing on CNS homogenates has shown a complex dynamics of neurite elongation and retraction. As shown in Figure  2B , while two main neurites grow in opposite directions, secondary and presumably supernumerary neurites are retracted, reflecting competition. Indeed, after a total neuritic length of about 100 µm, growth of primary neurites occurs at the same rate as retraction of secondary neurites, suggesting an economical mechanism for selective growth plus elimination of supernumerary neurites, reutilizing the same precursors (De Miguel FF and Vargas J, unpublished data).
ECM proteins may regulate neurite extension and retraction through a complex set of indirect mechanisms. For example, growth of neurites on leech laminin increases calcium currents evoked by electrical activity in cultured leech neurons (18) . In addition, calcium injection into the cells in response to electrical activity may induce neuritic retraction in leech neurons (19, 20) . Similar events have been described in different neuronal types during development, for example in amphibian spinal neurons in vitro, increases in the intracellular concentration of calcium reduce neurite extension and produce retraction (21, 22) . Growth cones of leech neurons collapse in response to electrical stimulation (19, 20) or to the application of a calcium ionophore, presumably due to a disruption of microfilaments (23) . Although A B the soma of adult AP neurons is unable to produce action potentials (24) these are produced at distant sites. Therefore, it is possible that during neurite extension activation of calcium channels related to electrical activity may also participate in the regulation of growth and retraction of neurites.
Directing growth
In addition to influencing neuritic outgrowth, the substrate is also determinant for target finding. When pairs of Retzius neurons are plated at a distance on a ganglion capsule, neurites are sent towards each other and make contact even if the cells were originally plated orienting their processes 180 o from each other. Similarly, ECM on ganglion capsules induces directed growth in pairs of AP neurons. In contrast, directed growth failed when mixed pairs of one Retzius cell and one AP cell were plated on capsules, or when pairs of neurons were plated on Con A or leech laminin. It is noteworthy that in the animal, pairs of Retzius or AP neurons form connections, but Retzius neurons do not contact AP neurons. Therefore, directed growth on capsules again seems to reproduce a developmental phenomenon selectively induced by native ECM proteins. That directed growth fails in pairs of neurons plated on laminin or Con A underscores the importance of ECM inducing multiple effects, such as the possible release of soluble attractants.
Selecting the synaptic attributes
After finding an appropriate target, a next step in development is the formation of correct synapses. How does a neuron choose when and with what to make a chemical or an electrical synapse? Are neurite outgrowth, directed growth and synapse formation part of a cascade of events triggered by contact with an appropriate substrate? To what extent extrinsic influences may determine neuronal connectivity? An answer to these questions has again been provided by the analysis of growth and synapse formation of leech neurons on different substrates. In the leech, a monosynaptic reflex response that shortens the animal is mediated by the activation of nociceptive (N) sensory neurons that in the ganglion make chemical connection with annulus erector (AE) motoneurons (25) . When these two neuronal types are isolated and plated in culture they form an electrical synapse instead of the chemical one (26) . The difference between the connection in the animal and in culture provided an attractive preparation to examine if the selection of a synapse is also influenced by the substrate. When growth was tested, N and AE neurons had opposite responses to the substrates. As shown in Figure 3 , single N cells failed to grow on Con A, but grew profusely on ganglion capsules. In contrast, AE neurons sprouted profusely on Con A but failed to grow on ganglion capsules. Interestingly, as shown in Figure 4 , pairs of N and AE neurons plated at a distance on the same capsule grew towards each other and made contact. Nevertheless, neurons did not form a chemical synapse but rather developed an electrical rectifying synapse ( Figure 4C ) similar to that formed on Con A (27) . These data provide an example that neurite outgrowth and target recognition may obey different signaling patterns than synapse formation, and suggest the contribution of multiple influences being involved in every step of neuronal development and regeneration. A question that still remains to be answered is what are the signals that induce the formation of the correct chemical synapse during development?
Synapse formation can also be achieved by plating neurons in close apposition to each other. In these conditions, pairs of leech neurons can reform chemical or electrical synapses depending on their identities and on the region of the neuron that makes contact. The characteristics of the electrical synapses formed by Retzius neurons are highly reproducible in culture, regardless of the target. Pairs of Retzius cells form non-rectifying electrical synapses (i.e., current can spread equally well in both directions) in the animal as well as in culture (6, 10) . In contrast, pressure sensory (P) cells form rectifying electrical connections in which depolar-F.F. De-Miguel izing current spreads only from the P cell to its partner, while hyperpolarizing current spreads only in the opposite direction (1, 4) . From these observations one can conclude that the characteristic synapses established by a particular cell type are, at least in part, determined by their identities. What kind of synapse will a Retzius and a P cell form if plated together? Even though Retzius and P cells form electrical synapses with different targets in culture, when plated together they form purely chemical inhibitory synapses, with the Retzius cell always being presynaptic (11) .
In the nervous system, one single neuron 
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ties. The tip of the stump, a remaining portion of the primary process, is a preferential region from which Retzius neurons can form presynaptic chemical endings. In contrast, the soma of a Retzius cell forms postsynaptic but never presynaptic components. In addition, either region develops electrical synapses after one or two days.
Modifications during synapse formation: changes in release sites and calcium current distribution
The series of events that start with neuronal contact continue long after synapses have formed and induce permanent changes in pre-and postsynaptic neurons. Synapse formation requires a whole set of adaptations, including the incorporation of presynaptic vesicles and ion channels in presynaptic terminals and transmitter receptors on the postsynaptic side, among many other components. For example, calcium channels should cluster at the presynaptic endings to regulate transmitter release, while transmitter receptors should be located at the postsynaptic endings (4, 5) . The stump of a Retzius neuron forms presynaptic endings on a P neuron or on another Retzius neuron, with a rapid accumulation of newly produced release sites (Hernandez H, Trueta C and De Miguel FF, unpublished results). Figure 5 shows a pair of Retzius and P neurons making contact. Terminals shown in Figure 5B and C have been stained with the fluorescent dye FM1-43 which is taken up by synaptic vesicles upon endocytosis. Release sites shown in Figure 5B develop within a few hours right at the contact site of the presynaptic Retzius neuron. In single Retzius neurons, release sites are virtually absent from the stump of the cell. Upon synapse formation, electrical activity such as that in Figure 5D can be recorded. An action potential in a Retzius neuron produces a synaptic potential in the P neuron. In this case, the synaptic potentials have been artificially reversed by the injection of chloride through the intracellular electrode. The figure also shows that when pairs of impulses are produced close to each other, the synaptic potential shows facilitation, a typical property of chemical synapses (Trueta C and De Miguel FF, unpublished results).
An ultrastructural study of Retzius neurons has shown clouds of dense-cored vesicles surrounded by clear-cored vesicles in the cytoplasm of the neuronal stump, near to but not in contact with the presynaptic membrane, suggesting that assemblies of presynaptic elements are a step preceding the formation of release sites. Figure 6 shows a typical presynaptic ending of a Retzius neuron with clear vesicles near the presynaptic membrane and surrounded by densecored vesicles (28) . Some of the clear vesicles are in close apposition with the membrane. The establishment of chemical synapses also correlates with a redistribution of calcium currents (29) . The large size of Retzius neurons and the possibility that they have access to very near sites and to the presynaptic endings allowed us to use the loose-patch clamp technique (30) to record local macroscopic currents from different membrane areas of Retzius neurons, thus providing a map of current density. The technique consists of having a large tip-diameter pipette (5 µm) and establishing a low resistance seal with the membrane. In this way, ion currents inside the pipette can be isolated and the pipette can be removed and introduced at another location without damaging the cell membrane. Since the same pipette is used over and over again to record from different membrane areas, the amplitude of the currents at different locations provides a map of current density. Using cultured synapses between pairs of Retzius neurons allowed us to compare currents between pre-and postsynaptic neurons of the same pair.
Formation of chemical synapses induces a marked reduction in postsynaptic calcium currents at the cell stump without affecting currents in other cell regions. In contrast, the characteristic amplitudes of calcium currents along presynaptic cells remain unaffected (29) . Interestingly, as can be seen in Figure  7 , synapse formation also has a retrograde effect on calcium currents. In triplets of cells in which one cell is purely presynaptic, the middle one is both pre-and postsynaptic and 
Conclusions and future directions
From studies with identified leech neurons in culture, it has been possible to understand some of the events underlying neurite outgrowth and synapse formation. In addition, the well-controlled conditions of the culture system have provided the chance to analyze the mechanisms of transmitter release in great detail (1) . An interesting future direction will be to analyze the molecular basis for these signals. Approaches such as production of DNA libraries and injection of cloned RNA or DNA are currently being used by Blackshaw and her group (32) in studies on these large neurons. Another avenue that has only begun to be explored is the relationship between neurite outgrowth, the molecules which support it and the specificity of synapse formation. Ultimately, the mechanisms characterized with adult neurons in culture need to be tested with these same neurons in the developing CNS. Thus, the CNS of the leech offers the rare possibility of characterizing signaling mechanisms during synapse formation and neurotransmission, and of determining the roles of these mechanisms during in vivo development and regeneration. 
